To assess the effect of a combination strategy for prevention of human immunodeficiency virus (HIV) on the incidence of HIV infection, we analyzed the association between the incidence of HIV and the scale-up of antiretroviral therapy (ART) and medical male circumcision in Rakai, Uganda. Changes in population-level viral-load suppression and sexual behaviors were also examined.
HIV Prevention Efforts and HIV Incidence in Uganda
A combination strategy for the prevention of human immunodeficiency virus (HIV) is defined as the concurrent implementation of multiple interventions to reduce the incidence of HIV infection. 1 Most prevention packages in sub-Saharan Africa include antiretroviral therapy (ART) and medical male circumcision, along with provision of HIV testing and counseling, promotion of condom use, and other behavioral interventions. 2 The scale-up of such a combination strategy for HIV prevention has been an intense focus in the field of global health over the past decade. 3 Modeling studies indicate that high coverage of ART and male circumcision could substantially reduce the incidence of HIV infection to lowendemic levels, 4, 5 and could potentially even lead to its elimination. 6, 7 However, the effectiveness of combination strategies for HIV prevention remains uncertain owing to challenges in increasing coverage of interventions and in accurately measuring changes in the population-level incidence of HIV infection. 8, 9 Providing evidence of the population-level effectiveness of HIV prevention efforts is critical to understanding whether the current evidence-based interventions are sufficient to mitigate HIV infection and to guide allocation of resources.
Although previous research from South Africa has shown that increasing community ART coverage reduces individual-level risk of HIV infection, declines in the incidence of population-level HIV infection were not shown. 10, 11 Other research from North America suggests that scale-up of ART has reduced the incidence of HIV infection, but these studies relied on modeled incidence and sentinel surveillance data. 9, [12] [13] [14] The standard empirical method for assessing the incidence of HIV infection is the longitudinal measurement of HIV seroconversions in a population-based cohort. 8, 9 However, such studies are rare despite the urgency to show relationships between changes in coverage of ART and male circumcision and the incidence of HIV infection over time. 4, 5, 15 To assess the effect of a combination strategy for HIV prevention on the incidence of HIV infection, we analyzed long-term trends in HIV incidence in Rakai, Uganda, on the basis of observed seroconversions and their associations with the scale-up of ART and male circumcision, population-level viral-load suppression, and sexual behaviors. Here, the combination strategy that was assessed included HIV counseling and testing, voluntary medical male circumcision, ART for persons living with HIV, the promotion of condom use, and interventions for behavioral change.
Me thods

Cohort Description
The Rakai Community Cohort Study (RCCS), established by the Rakai Health Sciences Program, is an open, population-based cohort of persons 15 to 49 years of age across multiple communities. 16 The RCCS is situated in Rakai District, which has a population of approximately 518,000 and is mostly rural with scattered trading centers. 17 The current study uses data from participants in 30 RCCS communities that were continuously evaluated from April 6, 1999 , to September 2, 2016 (Fig. S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org); data were collected with the use of 12 surveys.
To identify eligible participants, a household census enumerates all persons according to sex, age, and duration of residence, regardless of whether they are currently present or absent in the home. After the census, the RCCS surveys all residents who are present, who are within the eligible age range, and who have provided written informed consent. Participants are interviewed regarding demographic characteristics, sexual behaviors, ART use, and male circumcision status. Venous blood is obtained for HIV testing at the time of each survey (details on laboratory methods are provided in the Supplementary Appendix). The scale-up of the combination strategy for HIV prevention, which has been funded by the U.S. President's Emergency Plan for AIDS Relief (PEPFAR), 18 began in earnest in the mid-2000s (details regarding the scale-up are provided in the Supplementary Appendix).
Statistical Analysis
We assessed the scale-up of the combination strategy for HIV prevention with descriptive statistics and logistic regression using person-visit data at each survey. Specifically, ART coverage was defined as the percentage of all HIV-positive participants who reported the use of ART, regardless of ART eligibility criteria; ART coverage was assessed overall and separately according to sex. Participant-reported use of ART in the cohort has been validated previously by the detection of antiretroviral drugs in plasma, with a specificity of 99% (95% confidence interval [CI] , 96 to 100) and T h e ne w e ngl a nd jou r na l o f m e dicine a sensitivity of 77% (95% CI, 70 to 83) and with no differences according to sex. 19 Male circumcision coverage at a given visit was defined as the percentage of men who reported having been circumcised. Participant-reported circumcision status has been validated previously from clinical records, with a specificity of 100%. 20 Viralload suppression was defined as a viral load of less than 1000 RNA copies per milliliter, according to the recommendations of the World Health Organization.
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The unit of exposure for the incidence of HIV infection was person-intervals of follow-up between surveys among persons who were initially HIV-negative and who participated in at least two surveys. Cases of incident HIV infection were defined as cases in which persons tested HIVseropositive for the first time after they had had an HIV-seronegative result at the previous RCCS visit; one missed visit was allowed. Incident infections were assumed to occur at the midpoint of the interval between two surveys. Changes in the incidence of HIV infection per 100 personyears were estimated with the use of a Poisson multivariate regression model with generalized estimating equations and an exchangeable correlation structure and are reported as incidence rate ratios with 95% confidence intervals.
To assess the effect of the combination strategy, the mean incidence of HIV infection at each visit interval after 2004 (i.e., beginning with the sixth survey) was compared with the mean incidence of HIV infection over the entire period before the availability of ART and the scale-up of medical male circumcision. The final multivariate model included individual-level information on demographics (sex, age, level of education, type of community of residence [agrarian or trading]), and sexual behaviors (number of sexual partners in the past year, sex with partners outside the community of residence, sex with nonmarital partners, condom use, and participant-reported genital ulcer disease). A categorical term for the community-level prevalence of HIV infection was included to adjust for variation in HIV exposure. Secondary analyses were stratified according to sex and were performed separately for circumcised and uncircumcised men. The incidence of HIV infection and individual-level risk were also assessed in relation to community-level measures of ART and male circumcision coverage and the prevalence of HIV viremia (details are provided in the Statistical Methods section in the Supplementary Appendix).
Sensitivity of the results to both selective participation and loss to follow-up was evaluated with the use of inverse probability weighting (see the Statistical Methods section in the Supplementary Appendix). To assess the potential effect of birth cohort on trends of HIV incidence, a term for each 5-year birth cohort was included in the multivariate model. The incidence of HIV infection was also assessed according to sex for each 5-year age group. Table 1 shows summary data on study eligibility and participation for each of the 12 surveys. Overall, 33,937 individual participants contributed 103,011 person-visits, including 17,870 persons who were initially HIV-negative and contributed 58,344 person-intervals (consecutive visits from persons who were HIV-negative at the first of the two visits) for a total of 94,427 person-years of observation (incidence cohort). The mean participation rate among all persons who were eligible for the survey was 64% and did not vary substantially between surveys (range, 59 to 67); however, the reasons for nonparticipation and study dropout (e.g., travel or decision not to participate) changed over time (Tables S1 and S2 in the Supplementary Appendix). The percentage of persons who chose not to participate in the study declined steadily (from 21% to 0.5%) over the course of the analysis period, whereas the percentage of persons who were not present in the community at the time of the survey because of either work or school increased from 18% to 32%. The most common reasons for loss to follow-up were migration out of the study communities (42 to 63% of losses) and travel for work or school (25 to 33% of losses).
R esult s
Survey Participation
Participation and follow-up rates were significantly lower among younger persons than among older persons, among men than among women, and among persons living in trading centers than among persons living in agrarian communities, but these associations were stable over time. Persons with high-risk sexual behaviors were somewhat more likely to be lost to follow-up than persons with low-risk sexual behaviors, but this association was also constant over time (Figs. S2 through S4 in the Supplementary Appendix). The * The incidence cohort was defined as persons who were initially HIV-negative and who participated in at least two consecutive surveys; one missed visit was allowed. IQR denotes interquartile range, and RCCS Rakai Community Cohort Study. † The median interview date represents the middle of the survey period, and the range of interview dates represents the first and last interview dates in the given survey period. ‡ Residents included in the census who were between 15 and 49 years of age were eligible for the survey. § This category includes all age-eligible HIV-negative participants who participated in the previous survey and any HIV-negative participants who participated in the survey before the previous survey if the participant was absent at the most recent survey. ¶ The values are the number of persons who contributed to the incidence cohort during the given survey interval. ‖ The calculation excludes HIV-negative persons who migrated out before the survey.
HIV Prevention Efforts and HIV Incidence in Uganda
T h e ne w e ngl a nd jou r na l o f m e dicine average population growth rate over the analysis period, calculated from the resident population included in the household census, irrespective of age, was 3.4% per year (95% CI, 3.2 to 3.6). Figure 1 shows age-specific sexual behaviors according to survey date among HIV-negative men and women. The most substantive changes in sexual behaviors occurred among adolescents 15 to 19 years of age, among whom the percentage who reported never having initiated sex (i.e., delayed sexual debut) increased from 30% in 1999 to 55% in 2016 overall (P<0.001) and from 35% (194 of 553) to 56% (679 of 1207) among adolescent boys and from 28% (209 of 757) to 55% (646 of 1165) among adolescent girls over the same time period (P<0.001 for both comparisons). Adolescent boys who initiated sex were also significantly less likely to report multiple sexual partners in the last survey than in the 1999 survey (19% in 2016 vs. 40% in 1999, P<0.001). There were no substantial changes over time in the percentage of women who had multiple sexual partners. Overall across age groups, the percentages of persons who reported consistent condom use with casual partners remained largely unchanged over time ( Fig. 1E and 1F ). (Fig. 2B) .
Temporal Trends in Sexual Behaviors
Population coverage of male circumcision increased significantly, from 15% (374 of 2518 men) in 1999 to 59% (3177 of 5361 men) in 2016 among all men (P<0.001) (Fig. 2C) and from 3% (77 of 2217) to 53% (2492 of 4666) among non-Muslim men who are not traditionally circumcised at birth (P<0.001). Male circumcision coverage increased both among HIV-positive and among HIV-negative men, with the highest coverage among younger men (Table S3B and Fig. S5 in the Supplementary Appendix).
The scale-up of ART and male circumcision occurred concurrently in all communities (Fig. 2D) , and by 2016, coverage for both was high in all 30 RCCS communities. The median communitylevel ART coverage was 70% (interquartile range, 61 to 75), and the median community-level male circumcision coverage was 61% (interquartile range, 55 to 65). Figure 3 shows the incidence of HIV infection in the whole population, among women, among men, and among circumcised and uncircumcised men. Over the course of the analysis period, a total of 931 seroconversions were observed; 549 (59%) of Shown are the percentages of HIV-negative men and women who reported never having initiated sex (i.e., delayed sexual debut) (Panels A and B), the percentages of sexually active men and women who reported having multiple sexual partners (Panels C and D), and the percentages of men and women with casual (i.e., not classified as marital or long-term consensual unions) sexual partners who reported consistent condom use (Panels E and F), according to age group. The dates on the x axis represent the middle of each survey period from which the data were collected. The most substantial changes in sexual behaviors over time occurred among adolescent boys and girls 15 to 19 years of age who reported never having initiated sex and among adolescent boys who reported having multiple partners.
Changes in Incidence of HIV over Time
T h e ne w e ngl a nd jou r na l o f m e dicine these new infections occurred among women. The incidence of HIV infection was stable before the scale-up of combination HIV prevention and began to decline significantly in 2012 (Fig. 3 and Table 2, and Table S4 in the Supplementary Appendix). By 2016, the mean incidence of HIV infection had declined by 42%, from 1.17 cases per 100 person-years in the period before the scale-up to 0.66 cases per 100 person-years in 2016 (incidence rate ratio, 0.56; 95% CI, 0.44 to 0.72; adjusted incidence rate ratio, 0.58; 95% CI, 0.45 to 0.76). Similar trends in incidence were J a n . 2 0 0 2observed when the analyses were restricted to sexually active adults and to persons 20 years of age or older (Tables S5 and S6 in the Supplementary Appendix). Declines in the incidence of HIV infection by 2016 relative to the period before the scale-up of the combination interventions for HIV prevention were greater among men (adjusted incidence rate ratio, 0.46; 95% CI, 0.29 to 0.73) than among women (adjusted incidence rate ratio, 0.68; 95% CI, 0.50 to 0.94). Overall, the incidence of HIV infection was lower among circumcised men than among uncircumcised men (adjusted incidence rate ratio, 0.62; 95% CI, 0.48 to 0.79), but the incidence declined significantly among both circumcised men (adjusted incidence rate ratio, 0.43; 95% CI, 0.19 to 0.99) and uncircumcised men (adjusted incidence rate ratio, 0.51; 95% CI, 0.29 to 0.88) by 2016 ( Fig. 3 and Table 2, and Table  S4 in the Supplementary Appendix).
Declines in the incidence of HIV infection were observed in the majority of age groups for both men and women, and among both men and women residing in trading communities and in agrarian communities; a notable exception was the subgroup of women who were 20 to 24 years of age (Fig. S6 in the Supplementary Appendix) . Sensitivity analyses showed that the inclusion of birth cohort or inverse probability weighting for selective participation and follow-up did not change inferences regarding effects on trends in the incidence of HIV infection (Fig. S7 and Tables S7 and S8 in the Supplementary Appendix).
Although ART coverage and male circumcision coverage increased concurrently across RCCS communities (Fig. 2D, and Figs. S8 and S9 in the Supplementary Appendix), we also assessed the incidence of HIV infection and individual-level HIV risk as functions of ART coverage, population prevalence of HIV viremia, and male circumcision coverage within a participant's community of residence. These analyses showed declining HIV incidence and lower individual-level risk with increasing community ART coverage and male circumcision coverage and declining prevalence of viremia (Figs. S10 through S12 in the Supplementary Appendix).
Discussion
In this study, the incidence of HIV infection declined significantly with the scale-up of a combination strategy for HIV prevention, which provides empirical evidence that HIV control efforts can have a substantial population-level effect. The declines in the incidence of HIV infection were probably a result of the scale-up of ART use and male circumcision, although reduced sexual activity in late adolescence may also have contributed. HIV incidence declined to a lesser degree among women than among men, which suggests that the combination of the direct effects of male circumcision and the indirect effects of ART use among women differentially benefited men. Additional efforts are needed to avert new infections in women, such as a further scale-up of ART use among men and the potential introduction of new interventions for primary prevention (e.g., preexposure prophylaxis, or PrEP).
Previously, we found that community levels of male circumcision and of ART use among women at modest coverage levels were associated with a lower community incidence of HIV infection among men than the incidence before these interventions. 22 In another study in rural South Africa, higher rates of ART coverage were associated with a lower risk of individual-level acquisition of HIV infection, but that study did not assess temporal declines in incidence of HIV infection or male circumcision coverage. 10 Our finding of a 42% reduction in the incidence of HIV infection to 0.66 cases per 100 person-years, relative to the incidence in the period before the scale-up, is substantial, but the incidence is still well above the incidence rate of 0.1 cases per 100 personyears, which is an estimated threshold for the elimination of HIV infection. 6, 23 From 2009 to 2016, the percentage of HIVpositive persons with viral-load suppression increased by 44%, which suggests that HIV viralload suppression associated with ART use probably reduced HIV exposure to uninfected, opposite-sex partners, an assumption that is consistent with the findings from other studies. 12, 13, [24] [25] [26] By 2016, among HIV-positive persons, the percentage of participants who had viral-load suppression was 75%, which met one of the 2020 goals of the joint United Nations Program on HIV and AIDS (UNAIDS) 90-90-90 initiative, an initiative that modeling suggests could end the HIV epidemic by 2030. 27 Our results show that ambitious ART scale-up goals can be achieved. Similar results for viral-load suppression (71% of HIV-positive persons) have been reported in Botswana, al- 
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Male circumcision coverage increased steadily over time and reached 59% by 2016 but remained below the UNAIDS target of 80% coverage.
30 Scaleup of ART and male circumcision were highly correlated (Fig. 2D) , so it is difficult to disaggregate their effects. Nevertheless, we attempted to address this issue empirically by assessing HIV incidence trends separately among men and women and among uncircumcised and circumcised men. Previous mathematical modeling studies have suggested that there are substantial, longterm, indirect effects of male circumcision on the incidence of HIV infection both among female partners and among uncircumcised men; however, these indirect benefits are unlikely to be realized until at least a decade after the prevalence of HIV declines as a result of the direct effects of male circumcision. 31 Therefore, the significant reductions in the incidence of HIV infection among women and among uncircumcised men that were observed in this study probably result from the population-level effect on HIV incidence of the increase in ART coverage over time. The sharpest declines in HIV incidence were observed among circumcised men -nearly twice the decline that was observed among uncircumcised men -which is probably because circumcised men benefit from the direct protective effect of male circumcision as well as from the indirect effect of female partners who are using ART. In comparison, the declines in the incidence of HIV infection among women and among uncircumcised men were more moderate, probably because these persons benefit largely from the reduced exposure afforded by their infected partner's use of ART. The percentage of persons who used ART was lower among HIV-positive men than among HIV-positive women, which would further attenuate benefits for women. 31 Significant declines in the incidence of HIV infection were first observed in 2012, when ART coverage levels reached 36% and male circumcision coverage levels reached 43%. It would be tempting to conclude that these coverage levels represent threshold effects, but because interventions were scaled concurrently and the effect of interventions may be delayed, we cannot reliably make such inferences from these empirical data alone. The ability to define intervention thresholds would also depend on the proportion of infections that are introduced from outside the population of interest, a quantity that probably varies depending on geographic location.
We found reductions in sexual activity among both male and female adolescents 15 to 19 years of age. Previous studies conducted by the Rakai Health Sciences Program showed a decline in the incidence of HIV infection among 15-to-19-yearold girls that was associated with factors such as delayed sexual debut, which was coincident with an increased rate of enrollment in school. 32 However, given the fact that this age group represents only a small fraction of all incident HIV infections and that there were limited behavioral changes in older age groups, the reduction in sexual activity among adolescents probably has a modest effect on population-level HIV incidence. No significant changes over time in condom use were observed in any age group, which is a sobering finding, given the many years of efforts to promote the use of condoms and to facilitate access to condoms.
This study has several limitations. First, ART coverage, male circumcision coverage, and sexual behaviors were reported by the participants and may be subject to social desirability and other biases. However, there are no clear indications that any biases changed over time, and participant-reported ART use has been validated with high specificity in this population. 19 Second, viral-load testing was conducted on stored serum samples; such serum samples may be subject to RNA degradation over time, which could potentially result in an overestimation of viral-load suppression in the earlier surveys and an underestima- T h e ne w e ngl a nd jou r na l o f m e dicine * CHP denotes combination strategy for HIV prevention. † The mean incidence of HIV infection at each visit interval after 2004 (i.e., beginning with the sixth survey) was compared with the mean incidence of HIV infection over the entire period before the availability of antiretroviral therapy and male circumcision. ‡ The final adjusted model included adjustment for age, sex (full cohort only), level of education, number of sexual partners in the past year, sex with partners outside the community of residence, sex with nonmarital partners, participant-reported genital ulcer disease, condom use with casual partners, type of community of residence (trading or agrarian), and HIV prevalence in the community. tion of the magnitude of viral-load suppression over time. 33 Third, although the RCCS has relatively high participation rates as compared with other African population-based cohorts, there was substantial mobility among the participants, which reduced the rates of participation and follow-up. 34, 35 However, rates of participation among persons who were present in the community increased over time, and sensitivity analyses to assess potential selection bias did not change our inferences. Fourth, we cannot rule out the possibility that unmeasured secular trends or other potential confounders explain the declines in the incidence of HIV infection. However, this observational study showed a strong temporal association between the scale-up of a combination strategy for HIV prevention and population-level declines in the incidence of HIV infection, as well as greater reductions in HIV incidence with higher coverage of interventions.
An important consideration is whether our estimates of service coverage and HIV incidence results can be generalized. Demographic and behavioral data in the RCCS are largely consistent with surveys of demographic and health data in the region. 36 The RCCS is also an open, population-based cohort with extensive migration in and out of the cohort, which probably minimized, but did not eliminate, potential Hawthorne effects (i.e., changes in behavior resulting from awareness of being observed) of repeat observations. The Rakai Health Sciences Program has conducted combination studies of HIV intervention and prevention, which may have increased ART and male circumcision coverage. [37] [38] [39] All participants in the RCCS are offered HIV testing services, which results in high coverage (98% in 2015). Although conditions in Rakai may have been favorable for rapidly scaling ART use and male circumcision services, the effect of these interventions on population-level incidence of HIV infection should be generalizable. Indeed, data from the National AIDS Control Program of the Uganda Ministry of Health indicate that a dramatic scale-up of a combination strategy for HIV prevention was also occurring nationally: in 2016, ART coverage was 68% and male circumcision coverage was 54% (Wiersma S: personal communication).
In summary, data from this longitudinal cohort in Rakai, Uganda, showed a 42% decline in the incidence of HIV infection that was associated with the scale-up of a combination strategy for HIV prevention. This decline provides evidence that HIV control efforts can have a populationlevel effect. Differential declines in the incidence of HIV infection according to sex indicate a need to strengthen prevention efforts to benefit women, including improvement in ART coverage among men and consideration of newer, primary prevention interventions. Intensification of HIV prevention efforts for both women and men, including key underserved populations such as migrants, as well as long-term surveillance, are needed.
